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The silico-sillenite single crystals with various concentration of impurity iron ions have been studied. An effect of light 
on the charge state of iron ions has been found involving the transition of Fe3 + to Fe2 + . The transition was recorded by 
means of ESR signal intensity measurement. The parameters of the ESR absorption lines were obtained and analyzed. The 
nature of chemical bonds between iron ions and surrounding ligands was shown to be changed by the laser-induced recharge. A 
consistent model for optical recharge process and magnetic properties modification of iron impurity centers in the silico-sillenite 
single crystals has been suggested. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Keywords: Silico-Sillenite; Optical recharge; ESR Spectroscopy; Ligand; Iron ion. Introduction 
In the work presented, crystals of the silico-sillenite 
Bi 12 SiO 20 (BSO) doped with Fe 3 + ions have been 
studied. 
The sillenites are non-centrally symmetrical oxides 
Bi 12 M x O 20 ±δ (M = Si, Ge, Ti) with the lattice symme- 
try corresponding to the spatial group I 23 [1,2] . In the 
entirely stoichiometric sillenite crystals, the M ions are 
tetravalent ( x = 1, δ= 0). At this the bismuth atom hav- ∗ Corresponding author. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)ing the end electronic configuration 6 s 2 (1)6 p 3 (3)6 d 0 (5) 
(numbers in brackets stand for the amount of hybrid 
orbitals, the superscripts denote the number of elec- 
trons in the orbitals) is transformed into the Bi 3 + 
ion in the sillenite lattice. This allows it to donate 
three electrons from three 6 p orbitals for the forma- 
tion of chemical bonds with surrounding ligands (oxy- 
gen ions) [3] . The Bi 3 + ion coordination number is 7 
( Fig. 1 ) [2] . 
The coordination and charge state of bismuth de- 
scribed above mean that three of seven chemical 
bonds of bismuth are to be sigma-bonds with oxygen 
ions. Other four bonds are donor-acceptor (coordina- 
tion) bonds. So, the hybridization of the Bi 3 + ion is 
6 p 3 (3)6 d 0 (4) in the sillenite lattice. In this case, the 
hybridization state of the O 2– ions bonded to Bi 3 + is ction and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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Fig. 1. The lattice cell of the Bi 12 SiO 20 silico-sillenite single crys- 
tal. Paired arrows show 18 lone electron pairs. 
Fig. 2. Chemical bonds of bismuth and oxygen ions in the 
Bi 12 SiO 20 crystal. Sigma-bonds and donor-acceptor bonds are 
shown by continuous and dashed lines respectively. 
 
 
 
 
 
 
 
Table 1 
Magnetic states of the iron ions in hemoglobin. 
Characteristics of the outer electron 
shell of the ion Spin state 
Fe 2 + Fe 3 + 
Electronic structure 
−↑ −
−↑ −
−↑ −
−↑ −
−↓↑ −
−↑ −
−↑ −
−↑ −
−↑ −
−↑ −
Total spin 2 5/2 
Total magnetic moment 
(In Bohr magnetons) 4 5 
Remark. The magnetic states of the Fe 2 + ion are given before the 
oxygenation and those of Fe 3 + ion are given after the CO molecule 
adjoining. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 forcedly 2 s 2 (1)2 p 4 (3), which gives a chance of elec-
tron pair transfer from the hybrid orbital to the bis-
muth unoccupied orbital to form the coordination bond
( Fig. 2 ). 
The M ion forms four sigma-bonds with the
oxygen ions ( Fig. 1 ), in particular, Si 4 + ion being in
the 3 s 2 (1)3 p 2 (3) state forms these bonds. The detailed
consideration of the Bi 12 SiO 20 crystalline latticeshows that the silicon ion is surrounded only with 4-
coordinated oxygen ions, while 7-coordinated bismuth
ion is surrounded with both 4- and 3-coordinated
oxygen ions. But despite this fact, all the oxygen
ions are in the 2 s 2 (1)2 p 4 (3) hybridization state, each
having two hybrid orbitals with electron pairs. Both
electron pairs form coordination bonds in the case
of 4-coordinated oxygen ions, while in the case of
3-coordinated oxygen ions one electron pair remains
lone ( Fig. 1 ). 
The research into the sillenite crystals doped with
iron ions is of particular interest as the iron is a con-
ventional background impurity in these compounds
[4,5] . Besides, the doping with iron changes opti-
cal, electrical and magnetic properties of the sillenites
causing the substantial diversification of their applica-
tions [6] . But, currently, there is no established view
in the literature if the Fe 3 + ion in the sillenites is a
donor with the Fe 4 + ion as a final state or if it is an
acceptor with Fe 2 + ion as a final state [7] . 
The paper presented is concerned with the study of
the magneto-optical properties of the Bi 12 SiO 20 silico-
sillenite crystals and the consideration of the iron ion
state in their crystalline structure. 
The magnetic properties of the iron ions have been
studied in details for many compounds, particularly in
the hemoglobin. In this context some information on
the hemoglobin magnetic properties is relevant. The
iron ions play an important role in these properties
formation, not only determining the red color of the
blood but also being responsible for the oxygen trans-
portation by the blood cells. The spin states for the dif-
ferent charge states of the iron ions in the hemoglobin
molecule [8] are presented in Table 1. 
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Fig. 3. ESR signals of BSO:Fe single crystals for various concen- 
trations of magnetic ions Fe 3 + . Curve numbers correspond to the 
sample numbers in Table 2 . The iron ion is located in the center of the octahe- 
dron structure in the hemoglobin molecule and is able 
to change the charge state [8] . The total spin of Fe 3 + 
in heme is equal to 5/2 as, according to Hund’s rule, 
all 5 electrons of Fe 3 + ion occupy different d-orbitals. 
It is to be noticed that the d-orbitals do not participate 
in the hybridization, although one of the d-electrons is 
involved into the formation of a sigma-bond with car- 
bon monoxide. As a consequence, the iron oxidation 
state changes from 2 + in the octahedron surrounding 
to 3 + after the CO addition ( Table 1 ). 
The d-orbitals do not participate in the hybridiza- 
tion (although one of the d-electrons is involved into 
the bond formation) due to the fact that the atoms 
of transition metals possess incomplete 3d-electron 
shells. In particular, the iron atom has six 3d-electrons 
instead of ten. This is because of the fact that the 3d- 
state energy is higher than that of 4s-states, so the 
filling of 4s-orbitals with electrons starts before the 
filling of 3d-shells is finished. This electron configu- 
ration gives 3d-electrons a possibility to donate their 
electrons into the chemical bond formation without 
participating in the hybridization. Particularly, in the 
iron ion the hybrid orbitals of the heme octahedron 
are formed from the 4 s 2 (1)- and 4 p 0 (3)-orbitals. 
The full spin of the Fe 2 + ion can be equal to 4/2 or 
0 depending on whether external molecular complex is 
adjoined to it. Let us note that this property determines 
the possibility of the oxygen transport by the red blood 
cells in living organisms. 
It is shown in this paper that, in the case of sil- 
lenites, the iron ion is able to change its charge and 
magnetic states transforming from the Fe 3 + ion into 
the Fe 2 + ion, and, in contrast to the hemoglobin, this 
transformation occurs without the change of surround- 
ing geometry as well as without addition of the extra- 
neous molecular complexes. 
The presented paper objective is to elucidate the 
iron impurity role in the formation of the electrical 
and magnetic properties of Bi 12 SiO 20 :Fe crystals and 
to determine the optical radiation effect on the ligand- 
binding of the iron ion in these crystals. 
Samples and experimental technique 
The electronic paramagnetic resonance (ESR) study 
has been carried out for the samples of bismuth 
silicate Bi 12 SiO 20 grown by Czochralsky technique. 
The doping with the iron ions has been done at the 
stage of sample synthesis by the addition of iron 
oxide Fe 2 O 3 into the initial batch. The sample size 
was 7 ×5 ×1 mm. Four single crystalline samples of Bi 12 SiO 20 with the iron concentration of 3.0 . 10 15 , 
1.7 . 10 16 , 5.6 . 10 16 and 6.0 . 10 17 cm –3 have been used 
for measurements. 
The modified home-made ESR spectrometer has 
been used for measurements ( РЭ -1306 type, the oper- 
ation wavelength is equal to 3.2 cm) with additional 
noise reduction system and the system of the cali- 
bration resonance label formation based on the single 
crystal containing bivalent manganese. The laser radi- 
ation has been entered through the special opening in 
the ESR spectrometer resonator by the guiding fiber 
and has been focused on a sample. 
The following radiation sources have been used: 
the semiconductor laser Laser 303 (wavelength 542 
nm, emission bandwidth 4 nm, power 200 mW, power 
density 2.55 . 10 5 W/m 2 , beam diameter 0.2 cm); diode 
radiating unit АЛ-112 Б (wavelength of maximum 540 
nm, emission bandwidth 70 nm), He-Ne laser with 
power density of 200 mW/cm 2 . 
Experimental results 
The calibration of the ESR absorption intensity al- 
lowed us to evaluate the concentration of the param- 
agnetic iron ions in the samples. 
Firstly, ESR signals have been registered at the tem- 
perature of 300 K without ambient light ( Fig. 3 ). 
The absolute intensity of ESR signals was pro- 
portional to the initial concentration of the iron ions 
( Table 2 ) determined by the Fe 2 O 3 content in the batch 
at the synthesis. 
The concentration dependencies of ESR line param- 
eters (width and effective g-factor) have been plotted 
by the data on ESR absorption of magnetic Fe 3 + ions. 
The results are presented in Table 2 and Fig. 4. 
The sample irradiation with the light of semi- 
conductor laser Laser 303 and diode radiating unit 
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Table 2 
The parameters of the ESR absorption lines as a function of trivalent iron ion concentration in Bi 12 SiO 20 :Fe. 
Sample number Sample Magnetic ion content 
in a sample 
ESR line width, mT g -factor Absolute intensity of line, a.u. 
1 BSO:Fe 3.0 ·10 15 2 .0 1 .988 20 
2 BSO:FeI 1.7 ·10 16 7 .5 2 .028 110 
3 BSO:FeII 5.6 ·10 16 8 .0 2 .036 360 
4 BS 0,52 OFe 0,48 6.0 ·10 17 12 .0 20 .77 10000 
Remark. The measurements were carried out at 300 K. The operation wavelength of microwave radiation was 3.2 cm. 
Fig. 4. Parameters of ESR absorption lines vs magnetic ion content 
in samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 АЛ-112 Б caused the depression of the ESR signal
intensity by 20% of its dark value. For the sample
BSO:FeII with the iron ion content 5.6 . 10 16, the
exposure of He-Ne laser light resulted in a decrease
of the ESR signal level by 10 % of its dark value. 
Discussion 
Intensity behavior of the ESR signals from
Bi 12 SiO 20 :Fe samples met expectations, i.e. the ESRsignal intensity grew linearly with the magnetic ion
concentration. The position of the ESR line resulting
from the Fe 3 + ion shifted to smaller magnetic fields as
the iron ion concentration increased (the g-factor as-
cended). The universally accepted explanation of this
phenomenon comes to the fact that iron ions being
classical ferromagnetics interact and produce the in-
ternal magnetic field in the crystal. This internal field
being combined with the external field enables mag-
netic resonance at smaller external fields. The increase
of the ESR signal width indicates also the enhance-
ment of the magnetic Fe 3 + ions interaction ( Fig. 4 ).
The intensity of spin-lattice relaxation probably in-
creases with concentration, i.e. the relaxation time de-
creases. Also, it can not be excluded that the con-
tribution of inhomogeneous broadening of the ESR
line grows when the concentration of magnetic centers
rises. 
Assuming the molar mass of the Bi 12 SiO 20 crys-
tal equal to 2856 g and the crystal density 8.8 g/cm 3
[1] , It can be received that the specific volume of bis-
muth silicate is 324.5 cm 3 . Considering this, the re-
sult of a gravimetric analysis shows that the studied
samples of BiSi 0.52 OFe 0.48 crystals with average vol-
ume of 0.035 С cm 3 contain about 10 18 magnetic iron
ions. The ESR data give the same numerical estima-
tion within 15–20 % error. So, both gravimetric and
ESR study indicate that the iron ions in the Bi 12 SiO 20
lattice replace the silicon ions and, hence, are
tetra-coordinate. 
Thus, the Fe 3 + ion in the main three-valence state
possessing total spin 5/2 as revealed by ESR, is to
have the 4 s 2 (1)4 p 1 (3) hybridization, whereas the neu-
tral iron atom does not contain electrons in 4p-orbitals.
So, the tetra-coordinated iron ion in the BSO crys-
tal donates three valence electrons (one of them is a
d-electron) into its surrounding to form three sigma-
bonds with three ligands (oxygen ions). At that the
fourth hybrid orbital of the iron ion is unoccupied
and forms a donor-acceptor bond with the one of
2 s 2 (1)2 p 4 (3)-hybrid oxygen ions. So, at the stage of
the synthesis of crystals during the formation of the
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Fig. 5. Dark ( a ) и modified with light ( b ) states of the iron ion and 
its nearest-neighbor environment. 
Fe 3 + ( a ) and Fe 2 + ( b ) ions are in the sp 3 -hybridization state; hybrid 
orbitals are directed to the vertexes of regular tetrahedron. sillenite crystalline lattice, the following situation is 
formed. The oxygen atom, when linking to the iron 
atom, “withdraws” one of six iron atom 3d-electrons 
from internal d-orbitals and inserts it into one of four 
4 s 2 (1)4 p 1 (3)-hybrid orbitals of the Fe 3 + ion forming 
the chemical bond. The same situation occurs in the 
three-valence iron ion in hemoglobin. The electron 
configuration of the outer shell of the iron ion enables 
the hybridization described the only possible when the 
conditions of Fe 3 + ion four-coordination, three-valence 
and total spin of 5/2 are fulfilled simultaneously. 
It is to be emphasized that none of five 3d-orbitals 
can participate in hybridization, otherwise the rested 
four 3d-orbitals of the iron ion are not able to provide 
the experimentally observed spin of 5/2. 
It is reflected formally in the substitution of the 
superscript from 0 in 4 p 0 (3)-orbital of the iron atom 
to 1 in 4 s 2 (1)4 p 1 (3)-hybridization. This initial state is 
illustrated in Fig. 5 a. 
For the excited two-valence light-induced state of 
Fe 2 + ion, another hybridization takes place such as 
4 s 2 (1)4 p 0 (3), which corresponds to the return of the 
electron “withdrawn” by oxygen into one of five 3d- 
orbitals. One of the possibilities of this return is as 
follows. The light quantum breaks one of the sigma- 
bonds of the iron ion with oxygen and the excited 
electron is transferred into one of five 3d-orbitals of 
Fe 3 + ion, jumping a potential barrier of a sigma-bond. 
This, firstly, reduces the iron ion valence from 3 + to 
2 + , and secondly, lowers the total magnetic moment 
from 5/2 for Fe 3 + to 4/2 for Fe 2 + ion (see Table 1 ) 
due to the coupling of the coming sixth electron with 
one of the five have been possessed yet. So, in the 
state excited by light, two valence electrons are avail- 
able for the formation of two sigma-bonds of Fe 2 + 
ion with two ligands (oxygen ions), while one of the 
hybrid orbitals becomes empty. In this state the third 
and the fourth hybrid orbitals being unoccupied form 
the donor-acceptor bonds with two 2 s 2 (1)2 p 4 (3)-hybrid 
orbitals of the oxygen ion ( Fig. 5 b). 
The above said signifies that the new donor- 
acceptor bond of the Fe 2 + ion appears instead of 
sigma-bond. It follows that, as a result of lighting, the 
re-distribution of electron density also takes place in 
the oxygen ion which possessed the sigma-bond with 
the iron ion before illuminating. One of the lone pairs 
which was donated to one of donor-acceptor bonds 
of the Bi 3 + ion before the lighting now is transferred 
to the Fe 2 + ion, and the bismuth ion has one elec- 
tron on this bond. This forces Bi 3 + ion also to re- 
distribute its electron density in such a way as to 
reestablish the disturbed bond with the oxygen ion. For 
V.M. Kapralova et al. / St. Petersburg Polytechnical University Journal: Physics and Mathematics 2 (2016) 266–272 271 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 this purpose the Bi 3 + ion takes one electron from the
three-coordinated oxygen ion ( Fig. 1 ) which, in spite
of being three-coordinated, was in the 2 s 2 (1)2 p 4 (3)-
hybridization state. Therefore, this oxygen ion had the
lone electron pair which has not taken part in the bond
formation in the crystalline lattice. The electron den-
sity redistribution in the oxygen ion mentioned pro-
duces the free light-excited electron vacancy (a hole)
in the valence band of a crystal. This vacancy is able
to migrate through the crystal like it occurs in any
semiconductor. It follows from the general physical
considerations that the excitation of an electron va-
cancy is more probable for the three-coordinated oxy-
gen ions than for the four-coordinated ones. It is due
to the fact that the energy of the electron detachment
from the three-coordinated ions has to be lower than
that for the oxygen atom, all hybrid orbitals of which
take part in the formation of chemical bonds in a
crystalline lattice. Also it follows from the descrip-
tion given that the valence band of the sillenite crystal
has to be formed from the orbitals of oxygen atoms
which donate electrons easily, whereas the conduction
band is more likely to be formed from the orbitals of
atoms accepting electrons (Bi, Fe). 
The second possibility of the electron return into
the internal d-orbitals of Fe 3 + and its transition to
the state with spin of 4/2 is the excitation of a non-
equilibrium electron and a non-equilibrium hole by the
photon as it usually occurs in semiconducting crys-
tals. The free electron is captured into the 3d-orbital
of Fe 3 + ion, but afterwards the “extra” electron of
sigma-bond is forced out from the iron ion to the oxy-
gen ion forming the two-valence iron ion. Hence, the
final state of the Fe 3 + ion for the second version of
the optical recharge process is exactly the same as for
the first version, i.e. Fe 2 + , and not the Fe 4 + ion as it
was concluded in [7] . 
All oxygen ions seem to be in the 2 s 2 (1)2 p 4 (3) hy-
bridization state in spite of the fact that there are both
four- and three-coordinated oxygen ions in a lattice
cell. This apparent contradiction could be sorted out
as follows. 
The oxygen ion in Bi 12 SiO 20 is always in the sp 3 -
hybridization state which is 2 s 2 (1)2 p 4 (3) in the pre-
ceding notation. The reason for this fact is, as re-
vealed by XRD study, that none of oxygen ions has
coplanar chemical bonds. I.e. all oxygen ions in the
Bi 12 SiO 20 lattice are neither in positions with coplanar
bonds with valence angle 120 ° like for 2 s 2 (1)2 p 2 (3)-
hybridization nor in positions with bonds lying on
the same line like for 2 s 2 (1)2 p 1 (1)- or 2 s 2 (1)2 p 2 (1)-hybridization. At the same time, all oxygen ions are
linked either with bismuth or with silicon, but have no
bonds with each other ( Fig. 1 ). 
All silicon ions are in usual hybridization state
(4 s 2 (1)3 p x 1 (1)3 p y 1 (1)3 p z 0 (1)), i.e. they form ordinary
sigma-bonds with oxygen ions, while bismuth ions are
situated in a heptahedron environment. They are three-
valence but seven-coordinated, hence, they need four
lone electron pairs for each of them to form donor-
acceptor bonds. If the oxygen ions did not possess
two lone pairs, the bismuth ions Bi 3 + were not able
to form seven bonds as only three of these seven bonds
could be valid sigma-bonds. 
This explanation is confirmed by the XRD-study of
the silico-sillenite crystalline lattice which shows the
directions of the oxygen valence bonds. The part of the
oxygen ions, e.g. those linked to silicon with ordinary
sigma-bonds, form only three bonds with their neigh-
bors ( Fig. 1 ). But, because of their sp 3 -hybridization
they spend only one of their two lone pairs for the
coordination bonds, while the second lone pair is free
inside the crystal. 
The idea of the presence of free lone pairs in the
sillenite crystal was suggested previously [9,10] , but
the detailed explanation of their possibility was not
given before. The analysis given in the paper presented
shows that the lattice cell of silico-sillenite contains
more than ten free lone pairs ( Fig. 1 ). 
The situation described suggests an idea that the
shoulder of intense optical absorption of sillenites near
the fundamental absorption edge, which seems to be of
intrinsic and not of impurity origin, is probably due
to lone pairs mentioned, as these pairs donate their
electrons easily into the conduction band. 
It is to be noted that the local photoexcitation which
can be easily implemented in the sillenite crystals,
leads to the local changes of the valence and magnetic
state of the iron ions in the illuminated areas except
of creation of local electric field due to photo-Dember
effect. These changes in turn lead to the additional
profiling of electrical and magnetic fields in the sil-
lenite crystal. The latter appears to happen due to the
local crystalline field variation caused by the change
of the type and, accordingly, the energy of chemical
bonds when the iron ion switches its valence. This
effect can be applied for optical information record-
ing on the sillenite crystals and, taking into account
their high electro-optical coefficients, also for reading
of electro-optical topography with polarized light as
well as for reading of magnetic topography with mag-
netosensitive probe. 
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 Conclusion 
So, the optical radiation effect on the charge and 
magnetic state of the iron ions in the sillenites in- 
volves, firstly, the change of the iron ion valence from 
3 + to 2 + , secondly, the change of total magnetic mo- 
ment of the iron ion from 5/2 to 4/2 and, thirdly, the 
rearrangement of bonds between the lattice elements. 
This rearrangement does not lead to the structural 
changes of the sillenite lattice in contrast to the rear- 
rangement of the environment structure of the iron ion 
in the hemoglobin molecule. In case of hemoglobin, 
the bond rearrangement is followed by the Fe ion leav- 
ing the base plane of the octahedron under a change 
of Fe valence from 3 + to 2 + [1] . 
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